By employing transcranial magnetic stimulation (TMS) in combination with high-density electroencephalography (EEG), we recently reported that cortical effective connectivity is disrupted during early non-rapid eye movement (NREM) sleep. This is a time when subjects, if awakened, may report little or no conscious content. We hypothesized that a similar breakdown of cortical effective connectivity may underlie loss of consciousness (LOC) induced by pharmacologic agents. Here, we tested this hypothesis by comparing EEG responses to TMS during wakefulness and LOC induced by the benzodiazepine midazolam. Unlike spontaneous sleep states, a subject's level of vigilance can be monitored repeatedly during pharmacological LOC. We found that, unlike during wakefulness, wherein TMS triggered responses in multiple cortical areas lasting for >300 ms, during midazolam-induced LOC, TMS-evoked activity was local and of shorter duration. Furthermore, a measure of the propagation of evoked cortical currents (significant current scattering, SCS) could reliably discriminate between consciousness and LOC. These results resemble those observed in early NREM sleep and suggest that a breakdown of cortical effective connectivity may be a common feature of conditions characterized by LOC. Moreover, these results suggest that it might be possible to use TMS-EEG to assess consciousness during anesthesia and in pathological conditions, such as coma, vegetative state, and minimally conscious state.
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anesthesia | high-density electroencephalography | transcranial magnetic stimulation T heoretical considerations suggest that consciousness depends on the brain's ability to integrate information, and that if information integration is impaired within a complex of cortical areas, consciousness should fade (1) . The most common situation in which the level of consciousness changes is early non-rapid eye movement (NREM) sleep, when subjects, if awakened, report no or little conscious experience (2) , despite the fact that their brain remains highly active (3) . To establish whether the brain's ability to integrate information is higher in wakefulness than in early NREM sleep, in a previous study we perturbed one brain area using transcranial magnetic stimulation (TMS) and recorded the responses of other cortical areas using TMScompatible high-density electroencephalography (hd-EEG) (4) . We found that during wakefulness, TMS initially evoked a local cortical activation, which then moved to a series of distant cortical areas, whereas during NREM sleep, the initial local response to TMS did not propagate beyond the stimulation site, thus indicating a breakdown of cortical effective connectivity and a loss of cortical integration (5) . Moreover, in subsequent TMS/hd-EEG studies, we established that during wakefulness, TMS of different brain regions evoked different, specific EEG patterns (6) , whereas during early NREM sleep, TMS yielded EEG responses characterized by a positive wave followed by a negative deflection, suggesting a loss of information capacity (7) .
Besides sleep, the most common condition in which consciousness can be lost is general anesthesia, which is characterized by behavioral loss of consciousness (LOC) (8) . Although several anesthetics can induce states with behavioral and electrophysiological features not unlike those of deep NREM sleep, pharmacological anesthesia and sleep are not identical and differ in terms of both neurophysiology and neurochemistry (9) . Moreover, general anesthesia offers several advantages for investigating the neural correlates of LOC (10) . Specifically, in sleep studies, it is not feasible to evaluate an individual's level of alertness repeatedly and reliably, because the depth of sleep varies unpredictably and subjects awakened to assess consciousness cannot rapidly return to sleep. By contrast, during "general anesthesia," a subject's level of alertness may be assessed repeatedly without reversing the pharmacologically induced LOC. For these reasons, in this study, we asked whether cortical effective connectivity measured by using TMS and hd-EEG would be reduced during LOC induced by a pharmacological agent, midazolam, at anesthetic concentrations.
Results
Physiological and Behavioral Effects of Midazolam. In six subjects who received i.v. midazolam at doses up to 0.2 mg/kg, OAA/S scores of "1" (unresponsive to verbal and mild physical stimulus) were reached for a sufficient period that hd-EEG responses to TMS could be measured. No subjects experienced respiratory depression (18 ± 1.4 min −1 preinduction, 16 ± 4 min −1 postinduction), desaturation (minimum SaO2 95%), or physiologically meaningful changes in heart rate (59 ± 7 min −1 preinduction, 69 ± 12 min −1 postinduction) or blood pressure (systolic, 127 ± 15 mmHg preinduction, 113 ± 10 mmHg postinduction; diastolic, 74 ± 9 mmHg preinduction, 62 ± 5 mmHg postinduction). Subjects also displayed no spontaneous/ voluntary behavior during TMS/hd-EEG sessions performed at level 1 OAA/S and regained full consciousness (level 5 OAA/S) within 100 min on average (range 42-158 min). In debriefing sessions during the recovery period, subjects reported no subjective experience during LOC. By contrast, subjects interrogated while transitioning into LOC (level 3 OAA/S) reported a sensation of light-headedness, mild euphoria, and well being.
Changes in TMS-Evoked Brain Responses Associated with Loss of
Consciousness. Compared with wakefulness, we found a marked change in TMS-evoked brain responses during midazolam-induced LOC. Before the injection of the anesthetic (level 5 alertness, OAA/ S), TMS pulses to premotor cortex evoked a complex spatiotemporal pattern of low-amplitude, fast-frequency scalp waves, as shown by the average TMS-evoked EEG potentials recorded at all electrodes and superimposed in a butterfly plot (blue traces, Fig. 1A ; data from one subject). Conversely, following midazolam-induced LOC (level 1 OAA/S), TMS pulses gave rise to high-amplitude, low-frequency EEG voltages, which faded shortly after the stimulation (red traces, Fig. 1A′ ). To further explore the neural events underlying these EEG patterns, we calculated the currents evoked by TMS in the cortex Author contributions: F.F., M.M., G.T., and R.A.P. designed research; F.F., M.M., S.S., B.A.R., G.A., and R.A.P. performed research; F.F., S.S., and A.C. analyzed data; and F.F., M.M., A.C., G.T., and R.A.P. wrote the paper.
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 0913008107/DCSupplemental. before and after LOC. Before LOC, TMS-evoked cortical currents lasted for at least 300 ms following the stimulation and shifted among cortical areas distant from the TMS-targeted brain area (Fig. 1B) . By contrast, TMS-evoked cortical currents after LOC faded within 150 ms and remained more localized to the stimulated site (Fig. 1B′ ).
During LOC, TMS Evokes a Large Positive-Negative Wave in the Stimulated Area and Little Activation in Distant Areas. To capture the pattern of spatial activation in the two conditions, TMS-evoked cortical currents were cumulated for the entire poststimulus interval and displayed topographically for both conditions (Fig. 2) . Although the activity evoked by TMS at the stimulation site, the premotor cortex (BA 6), was similar across conditions, its time course was markedly different. During wakefulness, the immediate response to TMS consisted of fast-frequency oscillations (6, 11) . By contrast, during anesthesia, TMS-evoked responses were slower in frequency, although the initial component was of higher amplitude, consisting of a large positive wave followed by a negative deflection. This local response was found in all subjects during LOC. In one subject, in which TMS-evoked cortical activity was recorded at an intermediate level of sedation (level 3 OAA/S; Fig. S1 ), single trial analysis showed that this large positive-negative wave took shape gradually while transitioning from wakefulness (level 5) to deep sedation (level 1). Specifically, although the positive peak of the TMS-evoked wave first appeared at level 3 of sedation, the positive-negative sequence was fully established only when reaching level 1. This initial, stronger response during LOC remained largely restricted to the premotor cortices and affected only marginally the activity of other cortical areas (Fig. 2) . This breakdown of cortico-cortical effective connectivity was also evident when inspecting the time courses of the TMS-evoked cortical currents. For instance, the time course of cortical currents in BA 8 (prefrontal cortex), which is anatomically connected to BA 6 (premotor cortex), was not affected by the strong activation evoked by TMS in the premotor cortex during LOC.
Indices of Cortical Connectivity Discriminate Between Consciousness and LOC. To quantify changes in strength (activity) and propagation (connectivity) of TMS-evoked cortical responses during LOC, two recently developed indexes (12), significant current density (SCD) and significant current scattering (SCS), were calculated for each subject in wakefulness and anesthesia. SCD was computed by cumulating in space the statistically significant cortical currents evoked by TMS (Fig. 3 Left) . The time course of SCD revealed that, in each subject, the initial TMS-evoked cortical activity, related to the large positive-negative wave, was higher in the anesthesia condition, whereas subsequent cortical activity was stronger during wakefulness. When cumulating SCD in two post-TMS time ranges, respectively, 0-50 and 50-500 ms, we found that in the 0-50 ms interval, SCD was significantly higher during anesthesia (P = 0.016, Mann-Whitney), whereas in the 50-500 ms range, SCD was significantly higher during wakefulness (P = 0.016, Mann-Whitney). The average SCD in the entire poststimulus interval was reduced during anesthesia, indicating a diminished response to the TMS, although the two conditions differed only at trend level (P = 0.1, Mann-Whitney). By contrast, SCS, computed by measuring the geodesic distance between any significant current source and the site of stimulation, discriminated effectively between the two conditions ( Fig. 3 Right). Specifically, in each subject, mean SCS was significantly higher in wakefulness compared to anesthesia (P = 0.009, Mann-Whitney). Furthermore, the time course of SCS showed that, in each subject, SCS during wakefulness was significantly increased compared to baseline for >200 ms, whereas during anesthesia, SCS returned to baseline within 100 ms of TMS.
Recovery of Cortical Responses to TMS After Anesthesia. In the six subjects who reached deep unconsciousness (level 1 of the OAA/S), we performed TMS blocks during recovery of consciousness (ROC). However, for most subjects, the slowness of recovery from midazolam, and the typically fluctuating level of responsiveness during the recovery period, prevented us from collecting post-LOC TMS measurements at stable levels (i.e., an unchanging OAA/S score during a complete block of 250 responses). Nevertheless, in one subject we observed a full recovery of consciousness, as assessed by two consecutive level 5 scores at the OAA/S, within 1 h of anesthesia. TMS-evoked responses in this subject were similar to the EEG potentials observed in the waking preanesthesia and were clearly different from the TMS-evoked activity during anesthesia. Specifically, at Cz, the electrode closer to the stimulation site, and at Fz, a prefrontal electrode distant from Cz, several low-amplitude, fast EEG oscillations were recorded during the initial 50-100 ms, and slower oscillations above baseline noise continued for >300 ms after TMS in both pre-LOC and ROC sessions (Fig. S2  Upper) . Conversely, during midazolam-induced LOC, TMS evoked larger amplitude, slower EEG responses, which faded within 100 ms (at Fz) and 150 ms (at Cz) post-TMS (Fig. S2 Upper) . Furthermore, mean SCS calculated in the 0-500 ms post-TMS interval for the three conditions (pre-LOC, post-LOC, and ROC) decreased between pre-LOC (SCS = 2.35) and post-LOC (SCS = 1.5), and increased to pre-LOC levels during ROC (SCS = 2.30) (Fig. S2 Lower) .
Discussion
We employed TMS/hd-EEG to probe cortical effective connectivity during anesthesia-induced LOC. The methodological approach paralleled previous work in which TMS/EEG responses During wakefulness, TMS of premotor cortex determined low-amplitude, complex scalp waves corresponding to cortical currents that lasted >300 ms and shifted among distant cortical areas. Conversely, during anesthesia, TMS gave rise to high-amplitude, short-lasting scalp voltages reflecting cortical currents that remained local, and faded within 150 ms. Gray stars, TMS target (premotor cortex); black arrows, local maxima in periods of significant TMS-evoked activation.
were evaluated during early NREM sleep, the most common condition during which consciousness fades in healthy subjects (5) . The results show that, as with LOC during early sleep, anesthesia-induced LOC is associated with a breakdown of cortical effective connectivity.
Choice of Anesthetic Agent. Here, we used the benzodiazepine midazolam to induce LOC based on several factors. First, although it is exceedingly rare, TMS can induce seizures in epileptic patients. Therefore, for this first study of anesthesia and TMS, we chose to use an agent that has a marked anticonvulsant effect. Second, the clinical tool used to evaluate the subjects' alertness throughout the experimental procedure, the OAA/S scale, was initially tested in 18 healthy subjects receiving titrated doses of midazolam (13) . This study established a correlation between OAA/S scores and drug levels, with higher doses of midazolam yielding OAA/S scores that were consistently low, and placebo yielding the highest OAA/S scores. Finally, unlike most anesthetic agents midazolam targets GABA A receptors exclusively, leading to increased inhibitory postsynaptic currents that presumably underlie its behavioral/cognitive effects (14) . Other general anesthetics, such as volatile and i.v. drugs, have effects that are more difficult to interpret because of multiple interactions with several proteins, such as voltage-gated and leak channels (15) . One potential drawback of midazolam is its pharmacokinetic profile, which leads to slower recovery compared with shorter-acting induction agents (16) . Because of this slow recovery, we were able to measure TMS-evoked EEG responses after full recovery of vigilance (Level 5 OAA/S) in just one subject within the limited time frame of the TMS/EEG recordings.
Breakdown of Effective Connectivity During Midazolam-Induced LOC
and Comparison with Slow Wave Sleep. We found a breakdown of cortical effective connectivity during midazolam-induced LOC. Specifically, before midazolam injection the TMS-evoked EEG responses consisted of small-amplitude, long-lasting oscillations involving several brain areas beyond the premotor cortex. Conversely, following midazolam-induced LOC, TMS-evoked EEG activity consisted of an initially larger local response that, however, was short-lived and remained largely restricted to the stimulation site. These changes in EEG responses following LOC were consistent across subjects and could be quantified with synthetic indexes (SCD, SCS).
These results bear a striking resemblance with those obtained in a previous study where we employed TMS/EEG to evaluate effective connectivity during early NREM sleep, the phase of sleep most likely associated with loss of consciousness (5). However, in sleep studies, it was not feasible to evaluate repeatedly and reliably the subjects' level of alertness under stable conditions. The depth of sleep can vary unpredictably, and if awakened to assess consciousness, subjects cannot rapidly return to sleep. In this study, subjects could be repeatedly assessed for LOC. Additionally, in one subject, we could evaluate the effects of progressively reduced arousal, from level 3 (sedation) to level 1 (LOC). The results show that at sedation level, the TMSevoked initial activity becomes stronger than in wakefulness (Fig. S1 ) but is followed by smaller and shorter-lived oscillations. This initial response to TMS is even larger during LOC, with a positive-negative wave similar to the spontaneous sleep slow oscillation, while subsequent activity is obliterated; this demonstrates that brain responses to TMS become progressively shorter and sleep-like while transitioning into pharmacologic LOC.
We also employed novel indices of cortical activation (SCD) and connectivity (SCS) (12) , which enabled us to better quantify the effects of anesthesia. Of these measures, SCS was the more sensitive to the effects of midazolam. In a recent study, SCS was introduced as a measure of the propagation of activity evoked by TMS of the visual cortex (12) . The authors found that TMS-evoked activity traveled from the visual cortex to ipsilateral frontal areas in the first 100 ms, and that this propagation was captured by SCS values, which peaked 70-100 ms after stimulation. Similarly, in the present study, we found that in wakefulness SCS peaked at ∼100 ms post-TMS and lasted for >200 ms; by contrast, during midazolam-induced LOC, the propagation of the TMS-evoked activity faded within the first 100 ms. The advantage of a global index such as SCS is that it captures a decrease in connectivity in a single number, which is easy to evaluate and compare statistically.
The decrease in cortical effective connectivity demonstrated using TMS/EEG is consistent with reported changes in functional connectivity (covariation in the activity of multiple regions) in anesthesia or in disorders of consciousness. A PET study performed before and after general anesthetic-induced LOC found impairments in thalamocortical and cortico-cortical functional connectivity, especially between frontal cortical areas (17) . Similarly, PET studies in vegetative state showed a marked reduction of connectivity between premotor, prefrontal, and posterior parietal areas both at rest (18) and following auditory or somatosensory stimulation (19) . Thus, LOC seems to be associated with a decrease in both effective and functional connectivity in the cortico-thalamic system, consistent with theoretical and experimental evidence concerning the neural substrates necessary for consciousness (20) . Compared to functional connectivity studies with PET/fMRI, probing effective connectivity with TMS/ EEG allows establishing the effectiveness of causal interactions among brain regions and not just their correlation patterns (21). During anesthesia, TMS-evoked SCD in BA6 was similar to the SCD recorded in wakefulness, as reflective of an initial stronger but shorter-lived response during anesthesia compared to wakefulness. Conversely, SCD from BA 8, which is anatomically connected to BA 6, were markedly reduced in anesthesia compared to wakefulness, suggesting a marked decrease in cortical effective connectivity.
Moreover, TMS/EEG can be used to probe corticothalamic interactions at the time scale at which conscious experience changes, tens to hundreds of milliseconds (22) . Finally, using TMS as opposed to peripheral stimuli has the additional advantage of probing cortical circuits directly, bypassing sensory pathways, thalamic gates (23), and primary cortical areas, and of recording cortical responses over multiple areas. For instance, studies evaluating auditory and somatosensory evoked potentials with traditional EEG after midazolam injections (24, 25) found only minor effects of anesthesia, such as a slight decrease in latency and in amplitude of late responses, respectively.
Mechanisms Underlying Breakdown of Effective Connectivity. Regarding the mechanisms responsible for the breakdown of cortical effective connectivity during midazolam-induced anesthesia, two considerations deserve notice: first, midazolam acts selectively on GABA A receptors to induce LOC (26) ; second, cortical responses to TMS during midazolam-induced LOC are strikingly similar to those Fig. 3 . A synthetic index of cortical connectivity (SCS), but not reactivity (SCD), captures cortical changes during LOC. SCD and SCS were computed for each subject in wakefulness (blue line) and anesthesia (red line) following TMS of the premotor cortex. (Left) Time course of SCD for individual and average data, and mean SCD over the entire post-TMS time interval (0-500 ms). In each subject, SCD values were initially higher (first 50 ms after TMS) during anesthesia but tended to dissipate shortly thereafter, consistent with a TMS-evoked larger initial response during anesthesia that was, however, short-lived ( Fig. 1 A′ and B′) . Mean SCD over the entire post-TMS period were not significantly different between wakefulness and anesthesia. (Right) Time course of SCS for individual and average data, and mean SCS over the entire post-TMS interval. In each subject, during wakefulness, SCS was present for >200 ms, whereas during anesthesia it faded after 100 ms. Notably, mean SCS values in the 0-500 ms post-TMS interval were significantly higher in wakefulness relative to anesthesia (P = 0.009, Mann-Whitney).
observed during early NREM sleep. Recently, a large-scale modeling study has investigated the mechanisms underlying the breakdown of effective connectivity during slow wave sleep (27) . Of the various mechanisms tested, it was found that a shift in the balance between synaptic excitation and inhibition toward inhibition, determined by increased GABA release, was the most likely mechanism to account for the reduction in cortico-cortical signal transmission during sleep. Hence, during midazolam-induced LOC, a similar mechanism may be engaged through enhanced GABA A -mediated inhibition, either locally within the cortex (28), or in endogenous sleep-promoting pathways (29) . An alternative mechanism is the bistability between up-and down-states of thalamo-cortical neurons, which underlies the generation of spontaneous sleep slow waves (30) . Because of bistability, thalamo-cortical networks are unable to sustain activity and inevitably tend to fall into a silent hyperpolarized state (downstate) after a short period of intense activation [up-state (31-34)]. Bistability may account both for the initial, large positive-negative wave evoked by TMS in sleep and midazolam-induced anesthesia and for the subsequent block of long-range interactions among cortical areas (21) . Finally, the thalamus may also be involved in blocking the spread of spontaneous and evoked cortical activity during LOC, in line with evidence that thalamic cells may be part of cortico-thalamo-cortical circuits that transmits driving input from one cortical area to a higher order one (35) . Although the extent of these cortico-thalamo-cortical pathways is still controversial, it is possible that an action of midazolam on the thalamus (36) may profoundly affect cortical effective connectivity. The striking correspondence between our present finding that TMS evoked a large, slow, local response, and similar changes in cortical evoked responses in rats produced by inhaled anesthetics (37) , suggests that these findings may be generalized to include other anesthetics, and offers an opportunity to explore underlying mechanisms in animal models.
Future Developments. LOC is usually described as the inability of a subject to respond to a verbal command or, in case of deep sedation, to mild physical stimuli. This definition of unconsciousness relies on the person's willingness to respond to meaningful probes, thus raising the issue of how to disentangle unresponsiveness from unconsciousness following the administration of an anesthetic. For example, anesthetics like ketamine can have dissociative effects, which affect the subject's capacity to follow a command. Even more problematically, paralyzing agents are often used to prevent unwanted movements during anesthesia, but they do not remove consciousness (38) . For this reason, measures such as the bispectral index (BIS; Aspect Medical Systems) and the Patient State Index (PSI; Physiometrix) have been proposed as tools for detecting "awareness" during anesthesia.
These measures are derived empirically from EEG/muscle activity by using proprietary algorithms. Although practically useful, they lack theoretical validity. Moreover, although valid on average, they can be inaccurate when evaluating the level of consciousness of individuals at specific times, as demonstrated by using the isolated forearm technique (39) . By contrast, the idea that LOC should be associated with a breakdown of effective connectivity is theoretically motivated (1); indeed, both the previous NREM sleep study and the current study of midazolam-induced LOC were designed to test theoretical ideas. Moreover, multiple analytic approaches can be developed to obtain an index of unconsciousness, provided they are sensitive to reductions in effective connectivity, as is the case with SCS. Finally, TMS-EEG responses can be evaluated every few seconds in a way that is sensitive to moment by moment fluctuation of vigilance, even though the spontaneous EEG may not show appreciable changes (21) . Future studies will be essential to characterize how TMS-evoked EEG responses change when a subject progresses from conscious to pharmacologically induced unconscious states. Here, we recorded the evoked EEG responses during transitional levels of alertness in just a few subjects, and our preliminary findings encouragingly suggest that they are intermediate between full alertness (level 5 of the OAA/S) and deep sedation (level 1) EEG responses (Fig. S1 ). It will also be essential to replicate these TMS/EEG findings with other anesthetics, including volatile and i.v. agents, which are commonly used in surgical procedures and likely have different mechanisms of action than the increase in GABAergic receptor activity induced by midazolam. This is especially important because neuroimaging, electrophysiological, and molecular studies have shown that different anesthetics have different molecular targets, cause different patterns of cortical and subcortical activation/deactivation, and differentially affect peripherally evoked EEG responses (40) . Nonetheless, given the striking similarity between TMS/EEG responses during midazolam-induced LOC and during NREM sleep, when LOC occurs spontaneously and through partially distinct neurobiological mechanisms, a breakdown of effective connectivity may turn out to be a convenient indicator of unconsciousness (1, 8) . In that case, indices of effective connectivity, such as SCS, could be developed to assess pharmacologically induced LOC in subjects undergoing surgical procedures as well as in patients affected by disorders of consciousness, including coma, vegetative, and minimally conscious states (21).
Methods
Participants. Eleven male subjects (age, 21-29 years) participated in the study. All participants gave written informed consent, and the experiment was approved by the University of Wisconsin Human Subjects Committee. Before the experiment, physical examinations were performed to exclude medical conditions that were incompatible with the anesthesia and/or the TMS procedure. TMS was performed in accordance with current safety guidelines (41) . TMS was administered during full consciousness (level 5 of the OAA/S) as well as during deep unresponsiveness (level 1 OAA/S). Three subjects were excluded because they did not reach level 1 of unresponsiveness for at least 10 min. Two subjects provided EEG data that were excessively contaminated by artifacts. Thus, the data presented here are from six subjects.
Experimental Procedure. All experimental procedures were performed at the Ambulatory Procedure Center (APC) of the University of Wisconsin Hospital and Clinics. After preparation for EEG recordings and calibration of the neuronavigational system, a 20-gauge i.v. catheter was placed for anesthetic drug delivery, and participants were given supplemental oxygen at 3 L/min via nasal cannulaand anantacid (Bicitra)tominimize possiblecomplicationsin the event of nausea and vomiting causedby the anesthetic drug (midazolam). During the TMS procedure, the participant's EKG, noninvasive blood pressure, SaO 2 , exhaled CO 2 , and axillary skin temperature were continuously monitored by an anesthesiologist. Additionally, the subject's level of consciousness was evaluated before and after each TMS session with the OAA/S. A first 8-to 10-min TMS-EEG session (∼250 stimuli, with a 2,000-ms period and a ±250-ms jitter) was collected in each subject before midazolam injection (level 5 responsiveness of the OAA/S). Midazolam was then given at an initial dose of 0.1 mg/kg, followed by additional doses of 0.02 mg/kg each 2-3 min until the subject was unresponsive (level 1 of the OAA/S), up to a maximal dose of 0.2 mg/kg. During midazolam administration, 3-min TMS blocks at 0.2 Hz interleaved by alertness assessments with the OAA/S were performed. Additionally, in the six subjects who reached deep unconsciousness (level 1 of the OAA/S), a longer TMS session mirroring the preinjection TMS session was performed. All stimulation parameters were set according to international safety guidelines (41) . The navigation of the TMS coil over the cortical target (the premotor cortex), the acquisition and processing of the TMS-evoked EEG responses, and the source modeling analysis performed on these EEG data are presented in SI Methods. From the TMS-evoked significant cortical currents identified with the source modeling analysis two synthetic indexes of brain responsiveness were computed: significant current density (SCD), which captures the strength of the TMS-evoked cortical currents, was calculated by cumulating the absolute amplitude of all of the significant cortical currents evoked by TMS; and significant current scattering (SCS), which represents the spatial scattering of the TMS-evoked significant activations, was computed by cumulating the geodesic distance between any significant current source and the TMS cortical target.
Supporting Information
Ferrarelli et al. 10 .1073/pnas.0913008107 SI Methods TMS Neuronavigation. TMS was performed by means of a 70-mm figure-of-eight coil, connected to a Magstim Rapid biphasic stimulator. The targeted cortical area, the right premotor cortex, was identified on each subject's T1 anatomical MRI, acquired with a 3-T GE scanner. The TMS coil was placed on the corresponding scalp position, about 1 cm anterior and lateral of the Cz electrode. To ensure precision and reproducibility of stimulation, we used a portable Brain Navigated Stimulation system (SofTaxic; E.M.S.). The SofTaxic neuronavigational system located (with an error of ≤3 mm) the relative positions of the subject's head and of the TMS coil by means of an optical tracking system (Polaris Vicra; NDI). It also calculated the distribution and strength of the TMS-evoked intracranial electric field, including the area on the cortical surface where the electric field was maximal (hot spot). During the TMS procedure, the coordinates of stimulation were constantly monitored, to ensure the reproducibility of position, direction, and angle of the stimulating coil. The intensity of the stimulator output was based on the maximum TMS-induced electric field on the cortical surface, calculated by the navigated brain stimulation system and expressed in volts per meter (V/m). By calibrating TMS intensity based on the estimated electric cortical field, rather than relying on the percentage of maximum stimulator output, we ensured that in each subject the premotor cortex was stimulated at comparable intensities, despite interindividual differences in scalp-to-cortex distance and anatomy. This assumption was confirmed when identifying, in each subject, the resting motor threshold (RMT), defined as the TMS intensity required to evoke a ≥50-μV electromyographic response in 5 of 10 consecutive trials, in the relaxed, left first-dorsal interosseus muscle. Indeed, we found that individual RMT, a measure of cortical excitability, ranged from 55% to 69% of TMS stimulator output (mean = 62.5%, SD = 5.5%). These RMT values were highly correlated with the individual scalp-to-cortex distance (r = 0.98, P = 0.0002) and, when accounting for the distance between the coil and the motor cortical surface, we found that TMS-evoked electric fields were very similar across subjects (mean EF = 102 V/m, SD = 4). Based on the finding that EF ∼100 V/m corresponded to the RMT, as reported by another recent study (1) , an intensity of 120 V/m was chosen to compare the TMS-evoked brain responses during wakefulness and anesthesia.
High-Density (hd)-EEG Recording During TMS. TMS-evoked EEG responses were recorded by using a TMS-compatible 60-channel amplifier (Nexstim), provided with a proprietary sample-and-hold circuit to gate TMS pulses and prevent saturation (2) . The EEG signals, referenced to an additional electrode on the forehead, were filtered (between 0.1 and 500 Hz) and sampled at 1,450 Hz with 16-bit resolution. Two extra sensors were used to record the electrooculogram. In most cases, no TMS-induced magnetic artifact was detected, and in all recordings, EEG signals were artifact-free from 8 ms after the TMS stimulus (3). To further improve TMS compatibility, the impedance at all electrodes was kept below 3 KΩ. To prevent contamination of the TMS-evoked EEG potentials with the auditory response to the TMS click sound, subjects wore earphones through which a masking noise, reproducing the time-varying frequency components of the TMS click, was played. Before starting the experiment, we delivered single TMS pulses, and the volume was adjusted until the subject reported that the TMS click was not audible. Noise masking was then played during the TMS sessions. Bone conduction was attenuated by placing a thin layer of foam between the TMS coil and the scalp. These procedures have been successfully employed to abolish the auditory potentials evoked by the TMS click sound in previous studies from our group (4-6).
Data Analysis and Statistics. Data analysis was performed with MATLAB (MathWorks). TMS trials containing artifacts, including muscle activity or eye movements, were automatically detected and rejected. EEG data were then average referenced, down-sampled from 1,450 Hz to 725 Hz, and band-pass-filtered (2-80 Hz). Source modeling analysis, aimed at identifying the cortical currents underlying the TMS-evoked EEG scalp potentials, was performed as follows. The free-license software SPM (www.fil.ion.ucl.ac.uk/spm) was used to create a model of the cerebral cortex as a three-dimensional grid of 3,004 fixed dipoles oriented normally to the cortical surface. This model, based on the average Montreal Neurological Institute (MNI) cortex, was adapted to the anatomy of each subject in three steps. First, binary masks of the skull and scalp obtained from individual MRIs were warped to the corresponding standard MNI cortical meshes. Then, an inverse transformation (from standard to individual data) was applied to the MNI cortical meshes for approximating individual real anatomy. Finally, EEG scalp sensors and individual cortical meshes were coregistered by rigid rotations and translations of digitized landmarks (nasion, left, and right tragus). The inverse solution, which estimates the cortical current sources underlying EEG scalp potentials, was calculated on a single trial basis by applying an "empirical" Bayesian approach (7) (8) (9) . Current sources were calculated at individual cortical meshes (vertices), and the corresponding cortical regions (Brodmann areas) were identified by using an automatic tool of anatomical classification (WFU PickAtlas tool). After source modeling analysis, a statistical procedure to assess where and when the TMS-evoked cortical response was significantly different from prestimulus EEG activity was employed. Specifically, because of the large number (3,004) of cortical sources, which increased the occurrence of false positives, a nonparametric permutation-based procedure was selected (10) . This procedure assumes that, under the null hypothesis of no effect of TMS, mean cortical activity in the original dataset will not be different from the mean activity resulting from a random permutation of pre-and poststimulus periods. Thus, for each permuted "new" dataset, the corresponding average cortical response was computed and compared with the average of the original dataset. Before comparison, average responses at each cortical source were normalized by subtracting the mean prestimulus value and dividing by prestimulus variance, to allow for equal weighting of sources in the statistical analysis. Significance threshold for the multiple comparison procedure was set at α = 0.01, estimated over 1,000 permutations. This method allowed identification of the spatial and temporal distribution of TMS-evoked statistically significant cortical currents. From these cortical currents, two synthetic indexes of brain responsiveness to TMS, significant current density (SCD) and significant current scattering (SCS), were computed (11) . SCD, which captures the strength of the TMS-evoked cortical currents, was calculated by cumulating the absolute amplitude of all of the significant cortical currents evoked by TMS over a time interval σ (i.e., 0-500 ms post-TMS) and for each (significantly activated) cortical region s. SCS, which represents the spatial scattering of the TMSevoked significant activations, was computed by cumulating the geodesic distance between any significant current source and the TMS cortical target over a time range σ (first 500 ms post-TMS) and each (significantly activated) cortical region s. Although SCD sσ is a single value reflecting the total current evoked by the TMS and is therefore maximally sensitive to the magnitude of the evoked cortical activations, SCS sσ is largely determined by the spatial spreading of the TMS-evoked responses, thus reflecting cortical activity occurring far away from the stimulation site. 
